Abstract. Ultra-light dark matter may consist of axion-like particles with masses below 10 −19 eV. Two-photon interactions of these particles affect the polarization of radiation propagating through the dark matter. Coherent oscillations of the Bose condensate of the particles induce periodic changes in the plane of polarisation of emission passing through the condensate. We estimate this effect and analyze MOJAVE VLBA polarization observations of bright downstream features in the parsec-scale jets of active galaxies. Through the nonobservation of periodic polarization changes, we are able to constrain the photon coupling of the ultra-light dark-matter axion-like particles at the level of 10 −12 GeV −1 for masses between ∼ 5 × 10 −23 eV and ∼ 1.2 × 10 −21 eV.
The photon coupling of ALPs makes it possible to search for their manifestations in laboratory experiments and in astrophysical environments, see e.g. Refs. [15, [21] [22] [23] for recent reviews. A range of approaches are based on the ALP-photon mixing in external magnetic fields [24] , which results in the ALP-photon oscillations, the ALP Primakoff effect and vacuum birefringence. Here, we follow a different approach which is based on the same ALP-photon interaction: the polarization properties of light are changed when it propagates in the external pseudoscalar field.
The condensate of ULDM particles is naturally produced in the early Universe, as follows both from analytical estimates and from detailed numerical simulations. The produced condensate forms domains of the size of order ∼ 100 pc (see e.g. Ref. [25] for a numerical demonstration). Within each clump, the ALP field experiences fast coherent oscillations with the period determined by m. These oscillations can be used to constrain the ULDM scenario with pulsar timing arrays [26] [27] [28] . In the present work, we explore the effect of these coherent oscillations on the propagation of electromagnetic waves through the ULDM condensate. We demonstrate that the polarization angle of linearly polarized emission oscillates with the same period, which is determined by the ALP mass and is therefore uniform for all ALP domains in the Universe. Then, we use long-term observations of polarization properties of radio sources to search for these oscillations. We do not find any significant evidence for oscillations with a common period and use this fact to constrain the photon coupling of the ULDM ALP.
The rest of the paper is organized as follows. In Section 2, we consider photon propagation in the oscillating external ALP background and demonstrate that the plane of linear polarization of photons oscillates with the same period. In Section 3, we describe the data resulted from long-term radio observations of parsec-scale jets in active galaxies which we use in this paper. Section 4 presents the method to search, in the ensemble of data, for oscillations with a common period but arbitrary phase. In Section 5, we present our results and derive constraints on the ALP-photon coupling. We briefly conclude in Section 6, while some technical details are presented in Appendices.
Theoretical calculation of the expected effect
We start with the following Largangian for an ALP interacting with photons,
where a is the ALP field, F µν is the electromagnetic stress tensor,F µν = 1 2 µνρσ F ρσ and ALP parameters are the mass m and the photon coupling constant g aγ . The latter has the dimension of inverse mass in the natural ( = c = 1) system of units, which we hereafter use, unless the dimensions are written explicitly. The Minkowski sum over repeating Greek indices µ, ν, λ, ρ = 0, . . . , 3 is assumed (Latin indices i, j = 1, 2, 3 enumerate the spatial coordinates).
The equations of motion for the electromagnetic field read
At the scales of order the photon wavelength, a changes slowly and hence can be treated adiabatically when taking Fourier integrals. To study the effect of the external a field on the polarization, we consider a plane-wave Ansatz for the electromagnetic field,
and decompose A ν (k) into two linearly polarized components,
where e ± ν are properly chosen polarization vectors. The equations of motion result in the dispersion relations (we use here the fact that |∂ 0 a| ∼ m|a| while |∂ i a| ∼ mv|a|, where v 1 is the dark-matter velocity, hence |∂ 0 a| |∂ i a|),
so the two polarization states propagate with
(see also Refs. [19, 29] ). The axion condensate acts as an optically active medium, in which a linearly polarized photon acquires a phase shift between two circular polarizations, which results in the rotation of the polarization plane. This effect as a cosmological birefringence has been constrained in the past, see e.g. [30] [31] [32] [33] . Recent studies [34] [35] [36] suggested to test this effect with laser interferometry. It should be noted that these works were considering a constant phase shift experienced by photons. In contrast, in the present work we focus on the periodic changes of the phase shift caused by the oscillating ALP background.
The difference between the frequencies of the two polarization components,
is translated into the change of the polarization angle for a linearly polarized emission, ∆φ = 1 2
where the integration is performed along the propagation path of the electromagnetic wave from the emission moment t 1 to the observation moment t 2 . We use again |∂ 0 a|
and therefore obtain ∆φ = 1 2 g aγ (a(t 2 ) − a(t 1 )) .
Note that the effect is frequency-independent and depends only on the local value of the ALP field at the source and the observer. This is true even in the case of inhomogeneous background [29] . The ALP field is coherent and homogeneous at the scales of order of
where v is the mean velocity of dark matter. It oscillates as a(t) = a 0 sin(mt + δ) , where δ is some random phase and a 0 is the field amplitude. The typical oscillation period is
Therefore, these background oscillations get imprinted in the oscillations of the photon phase shift. The observed period at the Earth is T = T (1 + z), where z is the redshift of the source. We will be interested in the situation where the ALP field in the vicinity of the source is much stronger than next to the observer, that is a(t 2 ) a(t 1 ). In particular, this is true for central parts of elliptical galaxies hosting AGNs, which have a reasonably high dark-matter density. Indeed, a recent joint analysis of lensing and kinematics data from Ref. [37] gives the following estimate for the dark-matter energy density there,
Here we assumed a typical dark-matter fraction in elliptical galaxies ∼ 50% [38] . On the other hand, the energy density
which we use to express a 0 through ρ DM and to obtain the final expression for the oscillating shift of the polarization angle,
The data
For the purposes of our study, we made use of polarization sensitive interferometric data at 15 GHz primarily from the MOJAVE (Monitoring Of Jets in Active galactic nuclei with VLBA Experiments) program to monitor radio brightness and polarization variations in jets associated with active galaxies with declinations above −30 • , with supplementary data obtained from the NRAO archive. The observations were performed between 1997 April 6 and 2017 August 25 with the VLBA (Very Long Baseline Array), a system of ten 25-meter radio telescopes, allowing to probe highly-collimated relativistic outflows of the observed sources on parsec scales by achieving angular resolution of the order of one milliarcsecond. The fully-calibrated visibility data together with reconstructed FITS images are publicly available online from the MOJAVE web site 1 . An example of a total intesity and linear polarization image for the active galaxy 3C 120 is shown in Figure 1 . The data reduction, including initial calibration and editing, was performed with the NRAO Astronomical Image Processing System [39] using the standard techniques. Imaging was done with the Caltech DIFMAP package [40] . Each of the final single-epoch images was constructed by applying natural weighting to the visibility function and a pixel size of 0.1 mas. A more detailed discussion of the data reduction and imaging process schemes can be found in [41, 46] . The earlier papers of the MOJAVE program have focused on the parsec-scale kinematics of the jets [42] , their acceleration and collimation [43] , circular and linear polarization properties [44] [45] [46] [47] [48] . To analyze the polarization evolution in the observed sources, the following approach is used. The structure of every source in its full intensity is modelled using the Caltech DIFMAP package [40] by fitting a series of circular (rarely elliptical) Gaussian components to the calibrated visibility data. These components are cross-identified at a certain number of epochs, while they remain sufficiently bright. Their electric vector position angles, EVPA = (1/2)arctan(U/Q), where U and Q are Stokes parameters, are calculated from the corresponding polarization maps as the nine-pixel average of the area centered over a position of the component in total intensity. In this way, jet and core components are identified in Refs. [42, 49] . Because of variable optical depth [50] , Faraday depth and higher turbulence [51] , the core components demonstrate, on average, larger EVPA fluctuations [47] . In this work, we therefore concentrate only on the jet features. We estimate that our VLBA EVPA measurements are accurate within ∼ 5 • , as it comes from a comparison of highly-compact AGNs to near-simultaneous single-dish observations.
The uncertainty in the EVPA measurements is dominated by two factors, see e.g. the Appendix of Ref. [52] . The first one is the imperfectness of the receivers which results in the effect of the instrumental polarization when the signal flows from one branch to another. The second one is related to the non-uniform coverage of the uv plane. The flow of the polarized signal is proportional to the total intensity and is therefore non-uniformly distributed over the map. It also results in an artificial increase of the signal-to-noise ratio, so that for weak signals one needs to introduce additional corrections for non-Gaussian distribution of errors. This motivates the removal of low-intensity sources from the data set to suppress hard to control instrumental errors. We impose a cut of the minimal polarized flux density of the component (the sum of polarised emission under the area of a given Gaussian component, as defined above) of 5 mJy, which guarantees that the estimated uncertainty in every particular EVPA measurement is ∼ 5 • .
To perform a reliable search for periodicity at the scales of ∼ 1 yr, as it would be expected for the ULDM effect, we select the source components for which the 5 mJy condition was satisfied for at least 10 observational epochs and require the cadence of not less than 5 epochs per year. Among all observations, these criteria are satisfied for one or more components of 10 sources listed in Table 1 , which are used in this analysis.
The separations between jet components in a source are sufficiently large to make the regions causally disconnected at the period of observations, therefore making correlated periodic changes of the intrinsic polarization impossible. Other systematic effects could result in common EVPA varations among components of a given extragalactic radio source. First of all, it is the EVPA absolute calibration error. This error is the same for all core and jet components of all sources observed within the same 24-hour long MOJAVE VLBA epoch. Typically, 20 to 30 targets are observed. The variable fraction of this error is estimated to be less than 2 • . Second, polarized emission might partly "leak" from one component to another if they are located too close to each other -within one VLBA beam. Such a situation happens not more than in a couple of cases in our sample. Finally, let us consider Faraday rotation around an extragalactic jet or in our Galaxy. Causality arguments prevent synchronous Faraday depth changes around jets since components are located far enough from each other, while the Galactic Faraday rotation is low and varies on timescales significantly longer than what is analyzed in this paper, see e.g. [53, 54] . We conclude that the common EVPA variations of components within a given target are insignificant and cannot influence results of our analysis. We note that the analysis presented in this paper was repeated for a subsample which has only one component per target. We obtained qualitatively similar results but with weaker upper limits, as it is expected from the reduction in statistics.
The analysis method
The aim of the present study is to search for, or to constrain, periodic oscillations of EVPA in different sources but with a common period. The data analysis we perform includes processing time-dependent measurements for every particular source in the sample to reveal indications for periodicity, followed by an analysis of the sample to see if the periodicities have one common period. We need a quantitative measure of the strength of the effect, which is compared to the same quantity obtained from the Monte-Carlo simulated data assuming no effect is present. For every sequence of the EVPA measurements (a source component), we calculate the generalised Lomb-Scargle periodogram [55] (see Refs. [56, 57] for detailed discussions). Compared to other methods, it is more suitable for the case when measurements are distributed non-uniformly in time. It also accounts correctly for a non-zero mean of the measurements. For convenience, the calculation of the periodogram is summarized in Appendix A. As a result, we obtain p-values as a function of the assumed oscillation period T (rescaled from the observed T by (1 + z), see Sec.2). We consider periods between 0.1 yr and 1.5 yr with a step of 0.02 yr. This corresponds to the ULDM particle mass 5 × 10 −23 eV≤ m ≤ 1.2 × 10 −21 eV, see Section 2. The meaning of the p-value is the probability that a signal of a given power (or stronger) is produced by random Gaussian fluctuations; note that 0 ≤ p ≤ 1. In practice, relevant random backgrounds are not distributed normally, and therefore we do not interpret this quantity as a probability. Figure 2 presents an example of the data and the periodogram for one of the source components shown in Figure 1 .
B1950
Next, we need to consider the ensemble of N time sequences (N = 32 in our case). For each time sequence, i.e. for each source component, we have the dependence of the p-value on the period, p i (T ), i = 1, . . . , N . For every particular source, small p i (T ) indicates that the data favour, to some extent, oscillations with a period T . Consider now the function
Qualitatively, low L(T ) would indicate periodic signals with the same period T in different sources, as it is expected in ULDM models. Contrary, if periodicities in individual sources are absent or uncorrelated, as it is expected for their intrinsic origin, minima of p i (T ) would not coincide, and L(T ) would not be that low.
What does a particular value of L(T ) mean? To understand it in terms of physical quantities, we perform Monte-Carlo simulations of many artificial data sets, both without the ULDM effect and with the EVPA oscillations with the common period and amplitude introduced by hand, for various periods and amplitudes. The simulations are described in detail in Appendix B. The simulations of random sets, Section B.1, allow one to answer the question how often a given value of L(T ) may be obtained as a random fluctuation of the data with no signal for a given T , thus attributing a local p-value to the observed realization of L(T ) for the ensemble of sources. The global significance of the observed deviation from randomness is estimated through the same simulation as a measure of the fraction of MC sets for which this or lower p-value is obtained from fluctuations for any T .
To convert L(T ) into a limit on the amplitude of EVPA oscillations φ, we use the simulations described in Section B.2, when signals with various φ are artificially added to the random data. From these simulations we determine for which φ a given or lower value of L(T ) occurs in 95% of simulated data sets. This allows us to derive the 95% CL upper limit on φ for every T . These upper limits on the common amplitude φ at a given common period T are finally translated into the limits on the axion-photon coupling g aγ at a given ALP mass m using Eqs. (2.1), (2.2) derived in Section 2.
Results and discussion
We turn now to the results of the data analysis. They are presented in Figures 3, 4, 5, 6 . Figure 3 presents values of L for various oscillation periods T , as expected from MC simulations (for the case of no ULDM effect) and observed in real data. The observed L(T ) is in good agreement with expectations, indicating that no ULDM effect is seen. Figure 4 confirms this by presenting p-values which correspond to probabilities of obtaining the observed or lower L(T ) in Monte-Carlo simulated sets: the local p-value corresponds to a given T while the global p-value is the probability to observe this or lower local p-value for any T . The corresponding 95% CL upper limits on the amplitude φ(T ) are given in Figure 5 . They are interpreted in terms of physical parameters of ALP in Figure 6 . Note that the conversion of the limits on the EVPA oscillation amplitude versus T into the limits on g aγ (m), that is the transition from Figure 5 to Figure 6 , is subject to theoretical systematic uncertainties, the main of which is the lack of knowledge of the dark-matter density in particular observed sources, encoded in the parameter κ ≡ ρ DM /(20 GeV/cm 3 ). Our limits on g aγ scale with κ 1/2 .
We turn now to the comparison of our results with other available constraints on g aγ for ULDM ALPs. One should note here that the scalar ULDM with masses below ∼ 10 −21 eV 0.5 is disfavoured by the Lyman-alpha forest measurements [58] . However, these constraints are not applicable for certain models with ULDM ALPs, see e.g. Ref. [59] .
The most abundant group of constraints includes those based on astrophysical effects of ALPs independent on whether they form the dark matter or not. The least model dependent bound results from non-observation of ALPs coming from the Sun with a dedicated axion helioscope, CAST [60] . A quantitatively similar constraint comes from the analysis of energy losses in horizontal-branch stars in globular clusters [61] . A stronger, but more model dependent constraint was derived from non-observation of gamma rays from supernova SN 1987A [62] . A series of constraints have been obtained from the absence of spectral Upper limits on the axion-photon coupling g aγ as a function of the ALP mass m from astrophysical effects (not necessary assuming ULDM): solar axion searches with CAST [60] , energy losses of the horizontal-branch (HB) stars [61] (quantitatively the same as CAST), absence of gamma rays from SN 1987A [62] and absence of spectral irregularities in the X-ray spectrum of Vir A [65] (see the text for more references and discussions of caveats). Projected sensitivities of axion helioscopes TASTE [67] and IAXO [68] , as well as of the search for X-ray spectral irregularities with Athena [69] are shown by dashed lines. The limit from the present work (κ = 1) is given by the full red line for comparison.
irregularities of X-ray sources embedded in the galaxy clusters, see Refs. [63] [64] [65] [66] . These constraints are heavily based on the modelling of the magnetic fields in the clusters which is far from being certain. One of the strongest constraints comes from the nearby Virgo cluster [65] for which the turbulent component of the magnetic field was modelled with a certain level of confidence 2 . In all these studies, a possible regular component of the cluster magnetic field was ignored, which makes the conclusions less robust. The astrophysical constraints are compared to our results in Figure 7 , where we also show projected sensitivities of helioscope experiments TASTE [67] and IAXO [68] , as well as the expected sensitivity of X-ray irregularity analysis with the future instrument Athena [69] . Perfectly model-independent results come from purely laboratory experiments, which include "light shining through walls" (e.g. ALPS-I [70] and OSQAR [71] ) and searches for vacuum birefringence, PVLAS [72] . Though this approach is the most robust, it results in constraints on ALPs several orders of magnitude worse than astrophysical ones, just because of limitations of the terrestrial equipment as compared to astrophysical environments. The laboratory constraints, as well as the ones expected from the resonant-regeneration ALPS-IIc experiment [73] , are compared to our results in Figure 8 .
Conclusions
Certain dark-matter models assume that ultra-light axion-like particles form a condensate, coherently oscillating with a period of about a year in domains of about 100 pc. These oscillations get imprinted on the polarization angle of linearly polarized electromagnetic emission of astrophysical sources. The period of the oscillations in the source frame is universal and is determined by the particle mass only, so that the corresponding periodic changes would be present for various sources with the same period.
In the present work, we used the data obtained in long-term polarization measurements of parsec-scale jets in active galactic nuclei within the MOJAVE project to search for such periodic patterns with a common period. We did not find any statistically significant effect and have obtained constraints on the photon coupling to axion-like ultralight dark matter at the level of 10 −12 GeV −1 for masses between ∼ 5 × 10 −23 eV and ∼ 1.2 × 10 −21 eV.
Galactic scales. They report upper limits of g aγ 10 −13 GeV −1 for m ∼ 10 −22 eV. While a detailed discussion of these results is beyond the scope of the present paper, we note that both Refs. [74] and [75] assume an additional enhancement of the polarization-angle rotation by a factor of √ n, where n is the number of ∼ 100 pc ALP-field domains crossed by the light on its way from the source to the observer. This enhancement is at odds with earlier works [19, 29] (in more detail, corrections to the results of Ref. [29] will be discussed elsewhere [76] ). This √ n factor is close to one for AB Aur, which is only 163 pc away; however, the observations [77] used in Ref. [74] continued only for ∼ 3 min and therefore give only a snapshot of possible EVPA oscillations. Observations of this kind would be a very prospective tool to constrain g aγ if they were performed at several epochs and for several sources, like those used in the present paper.
A Generalized Lomb-Scargle periodogram
In this Appendix, we collect, for convenience, the formulae used to derive the generalized Lomb-Scargle periodogram, following Ref. [55] .
Consider a series of N measurements of a quantity y i ± σ i , performed at epochs t i , i = 1, . . . N . Introduce vectors of the time arguments t = {t i }, data values y = {y i } and inverse errorsσ = {1/σ i }. Determine the vector of normalized weights w = {w i } with
, satisfying w i = 1 (hereafter the vectors are denoted by bold face, the dot between two vectors denotes their scalar product while the dot between two scalars denotes their product).
For every period T we want to consider, denote C = {cos(ωt i )} and S = {sin(ωt i )}, where ω = 2π/T . One further denotes:
The power spectrum ("normalized periodogram") is then determined as
One notes that 0 ≤ P (ω) ≤ 1. The local p-value for a given frequency ω is
.
To obtain the global significance of a minimum in p(ω), one needs a more complicated account of the look-elsewhere correction, which may be achieved, for instance, by the Monte-Carlo simulations.
B Monte-Carlo simulations and expected limits
B.1 Monte-Carlo simulation
To perform statistical studies of the data used in this work, we need to compare actual results with those expected for random data sets, in generation of which one assumes the absence of the effect we are looking for. Generation of these sets is not straightforward because the actual data may have intrinsic non-randomness not related to the effect of ULDM. In particular, intrinsic conditions in the sources may induce periodic or quasi-periodic oscillations of EVPA, see e.g. Refs. [78, 79] : we do not know in advance whether these features are present or not. Therefore, assuming fully random values of EVPA based on the experimental error bars would be misleading: to imitate the ULDM effect in such MC sets, (i) periodic fluctuations should appear in various sources and (ii) their periods, by chance, should coincide. If, however, intrinsic periodic background is present in particular sources, the true probability to initiate the signal from fluctuations is determined by (ii) only. We therefore need to keep unknown features, including periodic ones, in the simulated data sets.
To this end, we adopt a time-scaling procedure: to generate MC time series of EVPA measurements for a source, we take the actual data (t i , y i ) and introduce the factor ξ, a random number uniformly distributed between 0.5 and 2.5, by which the observational time is scaled. The simulated data set is then (t i , y i ), where
(the measured values of EVPA, y i , are taken from the actual data set). The value of ξ is chosen randomly for every source in the sample. In this way, any potential ULDM signal (periodic changes with a common period for all sources in the set), which might be present in the data, is removed while any intrinsic features, including individual periodicity, remain.
B.2 Estimate of the expected limits
To estimate the limits on the amplitude φ of periodic oscillations of the polarization angle, we use the following procedure. We generate a large number (2500 for each value of the period T considered) of MC data sets assuming no common periodic effects are present beyond those generated randomly. For every artificial data set, we reconstruct and record the value of L, as described in Sec. 4 , as a function of T . For each given T , we determine the 68% CL band, ∆L 68 (T ), and the mean, L mean (T ), of the values of L which assume no signal (see Figure 9 , upper panel). This is the band presented in Figure 3 of the main text together with the function L(T ) obtained for the real data.
Next, we perform another MC simulation, this time assuming that some ULDM effect is present. For each fixed period T , we generate 2500 MC data sets as described above, but with artificially added harmonic oscillations with period T , amplitude φ (fixed for all objects in the set but random from one MC set to another, following a uniform distribution between 0 • and 15 • ) and phases δ i (random for every object in every MC set). Then, still for the fixed T , we determine the 95% upper limit on φ as a function of L as follows. Take the interval (L − , L + ) for a sufficiently small ( = 5 was used) to have enough data points in this interval and find the value φ 95 such that 95% of the MC points in the interval have φ < φ 95 . This, for each given T , allows us to obtain the function φ 95 (L) which we fit by a smooth 4-parametric curve to suppress fluctuations related to particular MC realizations. This function is presented in Figure 9 (lower panel) as a thick red curve for a particular value of T = 0.5 yr. The values of φ 95 (L mean ) and φ 95 (∆L 68 ), with the values of the arguments obtained at the previous step, give the mean value and the 68% CL band for the expected 95% CL upper limit on φ for a given T , assuming that no ULDM effect is present. This results in the band of expected upper limits as a function of T , presented in Figure 5 of the main text together with the limits obtained from the real data in the same way.
